The small calanoid copepod Temora longicornis is a temperate-water species with low lipid reserves and high biomass turnover rates. To survive and reproduce successfully, this species requires a highly adaptive digestive system to exploit various food sources. The aim of our study was, thus, to investigate the capability of T. longicornis females to react to quickly changing nutritional conditions. In laboratory experiments, we kept females for four days at surplus food, while changing the algal food species daily. Beside qualitative measurements of digestive enzymes we documented the copepods' ability to utilise the different food types by analysing the fatty acid compositions, particularly the occurrence fatty acid trophic biomarkers. T. longicornis females were sampled off Helgoland in the southern North Sea in May 2008 and incubated in beakers with algal suspensions ad libitum. At day 1, copepods were offered the heterotrophic dinoflagellate Oxyrrhis marina. On day 2, females received Rhodomonas baltica followed by the diatom Thalassiosira weissflogii on day 3. Finally, on day 4 copepods were again fed with O. marina. At the beginning and during the experiment, sub samples of copepods were frozen for biochemical analyses. Digestive enzyme and fatty acid patterns revealed rapid changes after each day. The results show that both, digestive enzyme and fatty acid patterns, change very fast in T. longicornis proving its highly adaptive potential to cope with a changing trophic environment.
key words: lipases/esterases, SDS-PAGE, feeding, fatty acid accumulation, biomarkers, North
Sea

Introduction
Temora longicornis, which is one of the most abundant calanoid copepod species in the southern North Sea, is omnivorous, feeding on phytoplankton as well as on ciliates and other zooplankton (e.g. Marshall and Orr 1966 , Kleppel 1993 , Gentsch et al. 2009 ). It is characterised by small size, low energy reserves and high biomass turnover rates (Båmstedt 1986 , Evjemo and Olsen 1997 , Helland et al. 2003 . Thus, it needs to adapt fast to nutritional conditions, which may change on various time scales. In the North Sea two major phytoplankton bloom events occur, one in spring and one in autumn (e.g. Fransz et al. 1991, Skogen and Moll 2000) . Also short-term blooms can develop within a few days (Cloern 1996) and, due to tidal movement, both algal species composition and photosynthetic capacity may even vary on time scales of a few hours (Jouenne et al. 2005 ).
In a previous study, digestive enzyme activities and patterns had changed and diet-specific fatty acids had accumulated in female Temora longicornis already within three days (Kreibich et al. 2008, Kreibich et al. subm.) , indicating that these processes occur very fast in small boreal copepod species. For comparison, in the large North Atlantic Calanus species the fatty acid composition reflected the diet only after three weeks of incubation (e.g. Graeve et al. 1994) . In order to further elucidate the plasticity of the digestive system and the speed of dietary fatty acid accumulation in Temora longicornis, we exposed the copepods to daily changing short-term nutritional variations in the present study.
Short-term fluctuations in digestive enzyme activities may occur immediately after a change in food composition, which can be explained by e.g. the adjustment of enzyme synthesis to new food conditions (Oosterhuis and Baars 1985 , Harris et al. 1986 , Mayzaud 1986 ). Studies on the digestive response of calanoid copepods to changing nutritional conditions are usually restricted to measurements of digestive enzyme activities, whereas information on enzyme patterns is scarce (Kerambrun and Champalbert 1993, Kreibich et al. subm.) . This information, however, is important for the understanding of adaptive processes in copepods, since digestive enzyme patterns can reveal whether the organisms produce new enzymes with changing diet. Therefore, we focus here on the digestive response on a qualitative level. The second aim deals with the accumulation of dietary fatty acids during short-term feeding events in order to improve the applicability of the fatty acid biomarker concept (see Dalsgaard et al. 2003 and references therein) to smaller calanoid copepods, since the information on time-dependent traceability of dietary fatty acids is scarce in these copepods.
Material and methods
Sampling
Temora longicornis females were sampled on 5 May 2008 off the island of Helgoland (54°11'N, 07°54'E), southern North Sea, with a CalCOFI net (500 µm mesh size), towed for 10 min in 10 m depth at a speed of 0.3 m s -1 . Immediately after capture, samples were diluted in seawater and transported to the institute. Approximately 400 healthy looking females were sorted under a stereo-microscope. For analyses of female physiological condition in the field, 90 females were shortly rinsed in demineralised water (a. dem.) and placed in groups of ten in tin (Sn) cartridges for carbon and nitrogen content, in 1.5 ml Eppendorf reaction tubes for enzyme assays or in glass vials for dry mass and fatty acid analysis. The samples were shock-frozen and stored at -80°C.
Additionally, water samples were taken in 3 m depth at the sampling station with a 3 l Niskin bottle and filtered over a 70 µm sieve. Sub-samples of 500 ml were filtered on precombusted GF/C filters (0.2 µm mesh size), which were then stored at -80°C.
Algal cultures
The heterotrophic dinoflagellate Oxyrrhis marina, the diatom Thalassiosira weissflogii and the cryptophycean Rhodomonas baltica were grown in 10 l bottles with f/2 medium (Guillard 1975) under constant light and permanent air supply. The heterotrophic dinoflagellate O. marina was fed with R. baltica. In order to avoid mixed cultures, feeding of O. marina was stopped two days before the experiments started. Cell concentrations were measured using a cell counter (CASY ® Model TTC, Schärfe System GmbH). At the beginning of the experiment, 50 ml of the cultures were filtered on precombusted GF/C filters in triplicates and stored at -80°C for fatty acid (FA), carbon (C) and nitrogen (N) analyses and gel electrophoresis.
Experiment
Approximately 300 healthy looking Temora longicornis females were incubated for four days in groups of hundred in 2 l beakers and fed ad libitum with algal suspensions. Daily, the diet was g, 4°C). Ten µl of the supernatants and five µl of a molecular weight marker (Sigma, S8445) were applied onto the gels. Two gels were run at the same time at 300 V, 30 mA, and 2°C. To make the lipolytic bands visible, gels were first incubated in 2.5% Triton X 100 ® (diluted in 50 mmol l -1 phosphate buffer, pH 8.0) for 30 min at room temperature, washed in phosphate buffer and incubated for 5-10 min in a 100 µmol l -1 MUF-butyrate solution diluted in phosphate buffer (modified after Díaz et al. 1999) . Images were taken with a ChemiDoc XRS System (Bio-Rad) at UV illumination and analysed with the Quantity One Software (Bio-Rad). Thereafter, gels were stained with a Coomassie dye (0.05% Coomassie brilliant blue (CBB) R-250, 40% methanol, 10% acetic acid) over night, rinsed in a destaining solution (40% methanol, 10% acetic acid) and photographed for the documentation of the molecular weight markers.
Dry mass, total lipid content and fatty acid analysis
Dry mass of copepod samples was measured after 24 h of lyophilisation (Leybold-Heraeus, LYOVAC GT2) using a microbalance (Sartorius, ±2 µg). Lyophilised samples were stored at -80°C for analysis of fatty acid composition.
Lipid extraction and transesterification of seston, algal culture and copepod samples were carried out as described by Kreibich et al. (2008) . Briefly, lipids were pre-extracted in solvent at -80°C for 24h. Thereafter, the internal standard tricosanoic acid (23:0) was added to the copepod samples, which were then sonicated and further treated after Folch et al. (1957) , as described by Peters et al. (2006) . Unfortunately, determination of total lipid contents of seston and algae filters was not possible due to problems during the extraction procedure. Sub-samples of total lipids were used for the hydrolysis of lipids and their conversion into FA methyl esters (Kattner and Fricke 1986) .
For the separation a gas chromatograph (HP 6890A) was used, equipped with a DB-FFAP column, operating with a temperature program. Helium was used as carrier gas. Chromatograms were processed and analysed with the software KromaSystem 2000 version 1.83 (Bio-Tek Kontron Instruments). Peaks were identified by using reference standards (Marinol, fish oil) and by comparison of relative retention times.
Statistics
All statistical analyses were performed with the programme SigmaStat version 3.5 (Systat Software, Inc.). Data given in percentages were arc sine square root transformed prior to the tests. Data sets were automatically tested for normal distribution with the Kolmogorov-Smirnov test (with Lilliefors' correction), and for homology of variances with the Levene's test. Differences between groups were tested either with a one-way ANOVA followed by the Holm-Sidak post-hoc test. Bray-Curtis similarity analysis of fatty acid compositions was performed with a software package (Primer-E Ltd. Primer 5, Vers. 5.2.9) using an "average-linkage" procedure. The data sets consisted of the relative amounts of single fatty acids in % of total fatty acids. Only the major fatty acids (≥1% of total fatty acids) were considered. The results of the similarity analysis were presented as dendrograms.
Results
Carbon and nitrogen content of seston and algaes
On 5 May, seston C content was 296 µg l -1 and N content was 46 µg l -1 resulting in a C:N ratio of 6.6 (Table 1) . Diets were offered ad libitum and therefore reached a multiple of the seston C and N content. The Oxyrrhis marina culture did not change significantly during the experiment, thus data from day 1 and 4 were pooled. This culture was characterised by approximately 1,100 µg l 
Copepod condition
The condition of the Temora longicornis females in terms of dry mass and lipid, C and N contents (µg ind -1 ) as well as C:N ratios did not change significantly during the experiment (one-way ANOVAs, p>0.05). Dry mass ranged from 37.4 µg ind -1 (females from the field) to 27.8 µg ind -1
(females fed O. marina) during the experiment, and lipid content from 1.9 to 2.3 µg ind -1 (Table 2) .
C and N contents were only determined in copepods from the field and after the experiment. C content was 15 µg ind -1 in the field and 12 µg ind -1 at the end of the experiment, and N content was 4 and 3 µg ind -1
, respectively. The C:N ratio reached approximately 3.6 in both groups.
Lipid contents in % of dry mass (% DM) increased significantly during the experiment in females feeding on O. marina on day 1 from 5.1% DM to 8.2% DM (one-way ANOVA, p<0.05, Holm-Sidak post hoc test) (Fig. 1) . During the following experimental days, no significant changes in the copepods lipid content were found which ranged from 6.2% to 7.0% DM.
Enzymatic patterns
We studied the response of the copepods to changing nutritional conditions in terms of lipase/esterase-like enzyme patterns (Fig. 2) . In order to clarify whether the enzymatic bands in the copepods were diet-induced or obtained through the diet, additional gels were run for the detection of lipase/esterase-like enzymes in all algal cultures. Here, enzymatic bands ranged between approximately 45 and 30 kDa (Fig. 3) . In O. marina three bands were detected with approximately 40, 35 and 33 kDa (bands 2, 3 and 4).
In R. baltica another band appeared at approx. 30 kDa. T. weissflogii was characterised by all five bands, with 45, 40, 35, 33 and 30 kDa (bands 1-5). These algae specific patterns did not appear in the copepods feeding on these diets indicating that the enzymes from the algal cells did not contribute to the changes of enzyme patterns of the copepods.
Fatty acid compositions of diets and copepods
The lipids of the potential diet in the field were largely characterised by saturated fatty acids (SFAs, 40.8% of total fatty acids (% TFA)) and monounsaturated fatty acids (MUFAs, 43.7% TFA). Polyunsaturated fatty acids reached only minor amounts (15.6% TFA). Two fatty acids dominated, the SFA 16:0 (24.4%) and the MUFA 18:1(n-9) (22.6%) ( In O. marina the PUFA 22:6(n-3) (DHA, docosahexaenoic acid) was the main fatty acid with 36.2%, followed by the SFA 16:0 with 20.4%. R. baltica was characterised by the PUFAs 18:4(n-3) with 31.9% and 18:3(n-3) with 17.9%. T. weissflogii had high amounts of the MUFA 16:1(n-7), reaching 28.8%, and the PUFA 16:3(n-4) reaching 20.0%. Unique to this culture was the presence of the PUFAs 16:2(n-4) (6.8%) and 18:4(n-4) (2.7%), which could not be detected in the other cultures and the seston samples.
Feeding on the cultures changed the fatty acid patterns of the copepods remarkably (Table 2) .
Copepods from the field were characterised by the fatty acids 20:5(n-3), 16:0, 22:6(n-3) and 16:1(n-7) (32.3%, 15.5%, 14.2% and 7.6% TFA, resp.). Feeding on O. marina for 24 h resulted in a strong increase of 22:6(n-3) to 25.8%. Subsequent feeding on R. baltica caused an increase of the PUFAs 18:4(n-3) and 18:3(n-3) from 2.9% and 1.3% to 5.7% and 3.3%, respectively. On day 3, when copepods were offered T. weissflogii, the contribution of unsaturated fatty acids with 16 C atoms increased, namely 16:1(n-7) (from 4.1 to 8.5%), 16:3(n-4) (from 0 to 4.1%), and 16:2(n-4) (from <1 to 1.8%). The T. weissflogii-specific FA 18:4(n-4) which was not detected in copepods feeding on the other diets, contributed 1.1%. Shifting the diet to O. marina again resulted in an increase of 22:6(n-3) from 23.3 to 32.1%. At the same time the percentages of fatty acids with 16 C and 18:4(n-4) atoms typical were reduced again.
We also calculated the mass-specific accumulation of fatty acids (in % DM) for each day (Fig. 4) .
After one day feeding on O. marina females strongly accumulated the fatty acid 22:6(n-3), 20:5(n-3) and 16:0. When feeding on R. baltica the amount of 18:3(n-3) and 18:4(n-3), typical of the R. baltica culture, increased, whereas 20:5(n-3) and 22:6(n-3) decreased. T. weissflogii as diet caused an increase of 16:1(n-7), 16:2(n-4), 16:3(n-4) and 18:4(n-4). Feeding again on O. marina resulted in increased amounts of 22:6(n-3), 18:3(n-3) and 18:4(n-3).
The different groups separate clearly in a Bray-Curtis similarity dendrogram (Fig. 5) . Here, fatty acids in % TFA of copepods were arcsin square root transformed prior to analysis. On a BrayCurtis similarity of 83% copepods from the field and from the experiment were separated. At 87% 
Discussion
The omnivorous copepod Temora longicornis relies on fast and efficient utilisation of ingested food digestion due to its low energy reserves and the associated low starvation tolerance of only a few days (Koski and Klein Breteler 2003) . Depending on factors such as food quantity, quality, and digestibility and metabolic requirements of this species (e.g. Tirelli and Mayzaud 2005) , its gut passage time ranges from 30 to 120 min (reviewed by Mauchline 1998) . In this period, the copepod needs to extract the nutrients from the diet. Digestive enzymes are the biochemical tools, which catalyse the hydrolisation of the dietary components. Each enzyme acts specifically on its substrate and, thus, different enzymes are needed for the successful digestion of diverse dietary components. Enzymatic heterogeneity, i.e. a pool of different digestive enzymes and isoenzymes, is therefore a powerful tool to optimise food utilisation. Numerous experiments focussed on the acclimatization of digestive activity in copepods to food changes, as summarized by Mayzaud (1986) . Enzyme activities decreased, increased or remained stable when food supply changed, and thus it has been suggested that acclimatization depends on several factors such as feeding history, food quantity and quality, and metabolic requirements (e.g. Tande and Slagstad 1982, Mayzaud 1986 and references therein, Roche-Mayzaud et al. 1991) . All these studies have in common that they focus on enzyme activity measurements. These measurements, however, give information only on net changes, disregarding differences in enzyme patterns, which, moreover, provide information on enzymatic heterogeneity and on adaptive processes by revealing e.g. the appearance of new enzymes or isoenzymes.
Differences in enzymatic patterns can be traced via substrate SDS-PAGE, which separates active enzymes according to their apparent molecular mass (e.g. García-Carreño et al. 1993 , Díaz et al. 1999 ).
In copepods, only few studies have used this method to detect the enzyme response on such detailed level: In the harpacticoid copepod Tisbe holothuriae esterases zymograms revealed that isoenzymes not only differed in relative activity but also appeared and disappeared, respectively, with changing diet (Guérin and Kerambrun 1982) . The authors conclude that these differences are non-genetic and can be considered as a physiological response to different trophic conditions. In the calanoid copepod Anomalocera patersoni the enzymatic pattern of amylase and of alkaline phosphatase changed over a period of 17 h (Kerambrun and Champalbert 1993).
Kreibich et al. (subm.) fed Temora longicornis females for three days with Oxyrrhis marina and
Thalassiosira weissflogii, respectively, and found no significant differences in the lipolytic activity of the copepods while the SDS-PAGE of lipase/esterase-like enzymes revealed that copepods fed with O. marina exhibited patterns different from those of females fed with T. weissflogii. The present study is in line with these results. In addition, our experiment shows that T. longicornis is able to express or secret new lipase/esterase-like enzymes within only 24 h, while digestive enzymes, when no longer required, disappear from the enzymatic pool or were at least no longer detectable. Furthermore, the present results show that females feeding again on O. marina on day 4 were characterised by the same enzymatic pattern like females feeding on O. marina on day 1. This hints to an expression/secretion of lipases/esterases specifically for the digestion of O. marina, i.e. specific lipid class compositions, which characterised this heterotrophic dinoflagellate during the experiment.
It remains unknown in calanoid copepods, when digestive enzymes are synthesised. For the grasshopper Melanoplus sanguinipes, it is suggested that feeding stimulates the synthesis and release of neurosecretory material within 20 to 40 min (Dogra and Gilliot 1971) . The correlation between the rapid release of neurosecretion and early increase in protease activity is consistent with the hypothesis that the hormone acts directly upon the midgut epithelium stimulating protease synthesis. According to Dadd (1956) the expression of digestive enzymes in beetles depends on their live strategy. Beetles, which encounter continuous food, express and secret enzymes, when these are needed for digestion; enzymes are not stored in epithelium cells. In contrast, beetles, which encounter times of food scarcity, store digestive enzymes in their epithelium cells and release the respective enzymes, when food is ingested. This was also shown for the European crayfish Astacus astacus, which stores zymogens (inactive proenzymes) in granules located in the specific cells (Vogt et al. 1989) . Since the North Sea is characterised by a continuous but highly variable food supply, it appears feasible that Temora longicornis does not store digestive enzymes but expresses and secrets them on demand.
Enzymes may also be obtained through the diet, as has been shown for the soldier beetle
Cantharis spp. (Traugott 2003) . Our study, however, revealed different lipase-like enzyme patterns between food algae, i.e. Thalassiosira weissflogii, Rhodomonas baltica and Oxyrrhis marina, and the consumer, i.e. Temora longicornis feeding on these algae. Thus, it is unlikely that new enzyme patterns in copepods emerge from the accumulation of algal enzymes.
The successful digestion of the different diets is clearly documented by the accumulation of dietspecific fatty acids. The accumulation took place within 24 h, which is faster than previously suggested (Kreibich et al. 2008) . The Bray-Curtis similarity test on fatty acid patterns of all groups shows a clear separation of the five different experimental days indicating that diet-specific fatty acids can be traced within one day -or maybe even less -in T. longicornis. Thus, the fatty acid biomarker concept can be used for the detection of recently digested organisms in the field rather than revealing the long-term feeding history of these copepods. This is in contrast with larger copepods such as Calanus spp., in which accumulation can be detected after several weeks (Graeve et al. 1994) and their fatty acid composition reflects the long-term feeding history rather than recent feeding events.
Temora longicornis is well adapted to changing nutritional conditions in the field due to its omnivorous feeding behaviour (e.g. Gentsch et al. 2009 ). This adaptive potential is reflected in its digestive enzymatic heterogeneity and plasticity, as observed in this study. T. longicornis has the ability to use different food types efficiently, even within short time spans. This results in fast assimilation and dissimilation processes, e.g. accumulation and reduction of dietary fatty acids within 24 h. Copepods feeding on O. marina at the start and at the end of the experiment were characterised by the same lipase/esterase pattern. Since algae cultures, even of the same species, can differ in their biochemical composition (e.g. Dunstan et al. 1994) , it should be investigated in future studies whether the observed enzyme patterns are typical of specific algae or are influenced by the biochemical composition of the diet, i.e. lipid class and fatty acid compositions. Furthermore, it remains unclear, whether copepods express specific digestive enzymes when the substrate is ingested or store these enzymes as zymogenes in specific cells, which are secreted on demand, and whether the preferred mechanism depends on the copepod's life strategy. Tables   Table 1: 2.5 ± 0.1 0.9 ± 0.3 tr -16:1(n-7)
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